To estimate the pore connectivity coefficient for open slit-like capillaries, the qualitative and quantitative description of adsorption hysteresis based on the Frenkel-Halsey-Hill formalism is used. A scaling-related governing equation is derived that provides a generalized description of the desorption branch of the hysteresis loop. The proposed equation is shown to be capable for an adequate description of data for several experimental systems, which leads to reliable values of the pore connectivity coefficient.
INTRODUCTION
Solids that could be treated as lamellar slit-like adsorbents constitute a wide class of practically important materials. With regard to these materials, a wide variety of adsorption systems involving various adsorbates and adsorption processes at different temperatures are of great interest. At the same time, there exists a method capable of evaluating a generalized description of different systems that belong to the same class, which is known as the thermodynamic scaling theory.
According to the de Boer classification (Gregg and Sing 1982) , the hysteresis loop type is related to the geometrical features of the adsorbent's porous structure. In particular, a H3 type of hysteresis loop is observed experimentally for adsorbents with lamellar structure, which possess slit-like pores (Tarasevich and Ovcharenko 1980) . For an ideal model pore it is assumed that the pore walls are smooth and plane parallel. In pores with such a structure, the stable condensate film/vapour interface is not curved. Adsorption below the saturation point results in the formation of an adsorbate film due to physical adsorption. However, a capillary condensation does not take place because the surface is plane (the curvature radius is infinitely large).
After the pore becomes completely filled in the course of adsorption, a cylindrical meniscus is formed; the subsequent capillary evaporation is controlled by this meniscus. Therefore, two different mechanisms that govern the H3 type of adsorption hysteresis should be considered, namely, polylayer adsorption (direct process, i.e. adsorption stage) and capillary evaporation (inverse process, i.e. desorption stage).
It should be noted at this point that the assumption of plane parallel and smooth pore walls is only an idealization of real porous structures. In addition, the desorption process is governed by the connectivity of the pores, and this connectivity of pores which exist in a non-filled adsorbent is essentially different from the connectivity of pores at the stage when the condensate is released from the adsorbent (Everett 1979) .
However, a clear-cut distinction between the condensation governed by the adsorption mechanism and capillary evaporation is possible only within a certain range of the adsorptive relative pressure. In the slit-like pore, the capillary condensation can take place at high values of this pressure.
In recent decades numerous studies of the problem were published based on statistical thermodynamic theories and/or computer simulations. The capillary condensation and adsorption in cylindrical and slit-like pores were considered by Evans et al. (1986) , Balbuena and Gubbins (1993) , Ustinov and Do (2005) on the basis of a density functional approach. At the same time, it was shown that the continuous thermodynamic approach could be applied to the adsorption/desorption characterization instead of much more time-consuming molecular approaches (Ustinov and Do 2006a, b) .
In this publication, an attempt is made to propose a theoretical description of the capillary evaporation, which involves the scaling theory. It is shown that this rather simple approach based on the Frenkel-Halsey-Hill (FHH) theory (Gregg and Sing 1982) could provide reliable values of the pore connectivity coefficient.
SCALING DESCRIPTION OF CAPILLARY EVAPORATION FROM SLIT-LIKE PORES
The polylayer adsorption process at a planar non-porous surface is convenient to be treated in the framework of the FHH theory. The influence of the features of the porous structure on the isotherm shape could be analyzed based on the t-curve, which represents the dependence of the adsorption on the adsorption film thickness. The value of the relative pressure at which the adsorption film becomes unstable and the condensation commences is determined by the point on the t-curve, above which the curve bends downwards (Gregg and Sing 1982) . At this value of the adsorptive relative pressure, the stabilizing influence of the wall potential on the condensate film becomes insufficient to maintain the stability of the film. In real systems, this stability loss occurs in a certain finite range of the relative pressure rather than in a point.
In our previous publication (Kutarov et al. 2011) , the capillary evaporation process was considered for values of adsorptive pressure below the range in which the adsorbate film becomes unstable; this problem was solved by assuming the variation of the connectivity function for the ensemble of pores, and the variation of pore width during the adsorption-desorption process. In the present publication, a similar approach based on the FHH theory is applied to the serial model of a porous medium, which assumes the chaotic variation of pore width. In this model, the pores are considered as the chains of adjacent links with different width; such a chain hereinafter is referred to as channel. The individual link shown in Figure 1 is the slit-like pore, with the dimensions d << L, d << L 1 , where the L and L 1 values are of the same order of magnitude, and the faces a and b are open. Figure 2 sketches the serial model; along the abscissa axis, the lengths of individual links are defined. The critical pore width d* is the value (calculated from the FHH theory) for which the adsorbate film becomes unstable at the pressure that corresponds to the onset of the capillary condensation or evaporation. For the individual link, Figure 3 schematically shows the stable condensate films at the core walls and the meniscus in the core, while the assemblage of the links (the serial model) is shown in Figure 2 .
The porous medium is considered as the system of channels distributed randomly. The medium is assumed to be homogeneous, that is, the probability to find a pore with certain parameters in any point is independent of the location.
An open slit-like pore of constant width d ( Figure 3 ) brought in contact with the gas at temperature T and relative pressure ϕ = p/p S , where p and p S are the equilibrium pressure and the adsorptive saturation pressure, respectively, is considered here. For this case, the variation of Gibbs' potential ∆G corresponding to the transfer of dN moles of matter from the condensed phase into the gaseous phase is (1) where µ a is the potential of the adsorbed phase with thickness t, which is determined by the FHH equation of polylayer adsorption and is defined as follows:
( 2) where µ l is the potential of adsorptive at the same temperature and F(t) is a function (Gregg and Sing 1982) ( 3) where b and α are the dimensionless parameters of the FHH isotherm, which could be expressed as (Gregg and Sing 1982) (4)
In equation (4), t i is the thickness of the stable adsorbate film (expressed in units of the van der Waalsian diameter of the adsorbate molecule σ) at relative pressure ϕ i . In what follows, the subscript i = a, d refers to adsorption and desorption, respectively, and a m is the monolayer capacity. It should be noted that the function F(t i ) is defined for t i < t k , where t k is the critical thickness of the adsorption film. The gas phase potential µ g in equilibrium conditions is µ g = µ l + RT lnϕ. The second term in equation (1) corresponds to the contribution related to the work of formation (extinction) of the meniscus. Here γ is the surface tension at the gas/adsorbent interface, dA is the variation of the interface area, η is the pore connectivity coefficient. The inter-relation between the pores, which is expressed here by the function of connectivity of the pores manifold essentially affects the transport processes in porous structures. The connectivity of the pores manifold is determined by the parameters of distribution of pores over their widths. At present, the methods to calculate this distribution are based on a rough approximation valid for the ensemble of pores, which possess simple geometric shapes; these calculations imply that the processes that occur in each pore are independent (Everett 1979) . This approximation could possibly be valid to some extent for the adsorption stage, while at the desorption stage the process that takes place in any single pore depends on the state of the neighbouring pores. This process is in fact determined by the existence of the channel that connects the pore with the external surface of the porous body (Everett 1979; Gregg and Sing 1982) , and depends on the state of the pores, which constitute this channel. For desorption to be possible, the channel should be free of condensate, and the probability of such a channel to exist depends on the amount of the condensate, which remains in the porous space and leads to plugging of the channel. For the process of adsorption it is generally believed that this effect is negligibly small (while this simplifying assumption still needs to be rigorously proved). For the desorption process, the exchange of condensate between neighbouring pores can be blocked. The pore width d and the length of the link L are random values, independent of these values for adjacent links, and obey a certain distribution with the density probability ψ(d, L). The probability that each ith link (except for the first one) exists in the subcritical state is (5) while the probability that this link exists in the supercritical state is 1-ω i . Here, d min is the left boundary of the pore width range below which any capillary evaporation does not occur. Assuming the probabilities are independent, the probability of the evaporation from any kth link is (6) where the second term is the probability that the links 1 to k are subcritical (free of condensate), while the first term is the probability that the k + 1th link is in a supercritical state (contains the condensate). This first term determines the blocking degree (the connectivity). The concept of connectivity of porous space (the connectivity coefficient) is the topologic characteristics, which is defined rigorously in the percolation theory (in terms of nodes and links). With regard to the desorption process studied here, in terms of the percolation theory one should consider the formation of an infinite cluster of empty pores. The pore is empty if it is free of the capillary condensate, while the pore walls are covered with stable condensate films. Such a pore is created when its characteristic size changes from the supercritical to the sub-critical one, where the critical width is determined by the Laplace equation. The porous medium could become free for a spatially unbound system of interconnected sub-critical pores; however, the existence of such a system does not necessarily imply that all sub-critical pores are interconnected: some blocked subcritical pores can always exist.
In this study, we adopt a less rigorous approach: in equation (1) the connectivity coefficient is introduced as a phenomenological quantity, which determines the fraction of unblocked pores, and cannot be considered as a topologic characteristic.
Equation (1) in principle should also contain the term that determines the contribution to the variation of the Gibbs' potential of the system caused by the elastic deformation of the adsorbent. This deformation arises due to the difference between the internal pressures of the bulk and the condensed phases (Rusanov 2006; Rusanov and Kuni 2007) . In the first approximation, this contribution is determined by thermodynamic expressions of the elasticity theory (Landau and Lifshitz 1970) , and is dependent on the variation of the system volume dV, and the isothermal compressibilities of the porous body and the material of the porous body skeleton, χ and χ s , respectively; for porous bodies, χ >> χ s (Smirnov 1987). However, it was shown that for the case considered here this term in equation (1) is negligibly small, and therefore is omitted in the further derivation (Adamson and Gast 1997) .
It is known from the thermodynamics of surface phenomena that for any surface the variation of the surface area of the system caused by the variation of its volume is inversely proportional to the average curvature radius (Smirnov 1987) . For equation (1) this relation is expressed as follows: (7) where V l is the molar volume of the adsorbate and R 1 and R 2 are the principal curvature radii of the surface. All geometrical dimensions are expressed in units of the molecular diameter σ. For a cylindrical meniscus, the R 2 value in equation (7) is infinitely large.
Consider an arbitrary point P with the coordinates {x = (t -d)/2; y} at the meniscus surface ( Figure 3 ). The curvature R −1 1 in this point P is related to the meniscus profile by the Laplace equation (Adamson and Gast 1997) 
Here y is the ordinate of the point P. Neglecting the variation of the position of the pore walls due to the expansion caused by condensation and due to the contraction caused by evaporation, one can use the trigonometric substitution y′ = tg β to reduce equation (8) to (9) Then, by combining equations (1), (7) and (9), one can express the meniscus equilibrium condition as
In the slit-like pore model the core is defined only for the desorption branch of the hysteresis loop (Everett 1979); the core width equals the difference between the pore width d and the total thickness of the stable condensate film at both walls of the pore t (Figure 3) . The pore width is calculated by assuming a total filling of the pore by the condensate at the adsorption branch of the hysteresis loop, and is determined from equation (4) by the adsorption pressure, which corresponds to the total filling of the pore. The thickness of the stable film of condensate is calculated from equation (4) at the desorption pressure. Equation (4) gives the total amount of adsorbate condensed in the pore; therefore, the t i value calculated from equation (4) at the desorption pressure determines the total amount of condensate in the stable films formed at both walls of the pore.
It is convenient to introduce the dimensionless variable X (11) where t k is equal to the doubled critical thickness of the film at each pore wall, and is determined as the second right kink point at the linearized adsorption isotherm plotted in the coordinates of the FHH equation (Figure 3 in Kutarov et al. 2011) . The subscript i in equation (11) is omitted, because we consider the desorption branch of the hysteresis loop, while for the adsorption process only the equation of state for a stable adsorbate film is relevant for further calculations.
The integration of equation (10) yields (12) where t′ = t k X + d. The meniscus, which is initially semi-cylindrical, becomes stretched during evaporation. At the bulk phase pressure equal to the desorption pressure p = p d , the meniscus becomes infinitely stretched. This corresponds to the state when the core volume is free of condensate, except for the adsorption condensate layer with thickness t at the pore walls. This condition is expressed as
The integration in equation (12) in general terms is impossible, because the functional dependence of the pore connectivity coefficient η on t is a priori unknown. If one assumes the η value to be constant (as a first approximation), then the integration of equation (12) ) where Bo is the Bond number, which is expressed as follows:
The Bond number arises in the capillary theory relative to the solution of the Laplace equation in a dimensionless form (Adamson and Gast 1997) , and determines the relation between the forces that retain the interface (the meniscus) in equilibrium, and the gravity force that tends to violate this equilibrium; therefore, the influence of the surface layer is disregarded. By contrast, in nanosized capillaries, the capillary constant is negligibly small (Adamson and Gast 1997) and the gravity force could be disregarded; in this case, the equilibrium of the interface is determined by the state of the adsorbate film. Therefore, in our case, the definition of the Bond number expresses the relation between the surface tension forces, which tend to retain the meniscus of constant curvature, and the wall potential, which tends to retain a stable adsorbate film; thus, equation (15) determines the Bond number at the point where the loss of stability of the adsorbate film takes place. Therefore, equation (14) is the governing equation for the scaling theory as applied to the condensation and evaporation processes in open slit-like capillaries.
The pore connectivity coefficient η is determined by the stochastic geometry of pores that exist in the porous body. When considering any two inter-communicating pores of different size, the η value will be lower for the pore of larger width. At present, there is a lack of rigorous methods for the calculation of the pore connectivity in a porous body; however, the scaling approach could be used to relate the η value to the fraction of pore volume within the porous body and the range of the characteristic sizes of pores.
The connectivity coefficient could be estimated by comparing the two branches of the hysteresis curve. The equation for the relative adsorptive pressure in the bulk phase at the desorption branch of the hysteresis loop was obtained by the authors earlier (Kutarov et al. 2011) . The solution of this equation with respect to η is (16) where a m is the monolayer capacity, and (17) where ϕ a and ϕ d are the relative pressures of the adsorptive for the adsorption and desorption processes, respectively.
To conclude this section, it should be noted that the aforementioned theory assumes that the condensation and evaporation processes in an open slit-like pore can be described on the basis of macroscopic thermodynamics (Kelvin equation). While this assumption should be generally used within a good accuracy, if the pore width exceeds few diameters of the adsorbate's molecular
diameter, this threshold could be shifted towards lower widths depending on several conditions (e.g. experimental temperature).
RESULTS AND DISCUSSION
The aforementioned theory was applied to three adsorption/desorption systems: adsorption of water on Cherkasy palygorskite at 300 K (Tarasevich and Ovcharenko 1980), low-temperature (77 K) adsorption of nitrogen and adsorption of benzene at 323 K, both on Na-substituted natural montmorillonite (Barrer et al. 1956 ). The aforementioned two minerals are promising with respect to their application as adsorbents in the environment protection technology. Palygorskite possesses a layer-ribbon rigid structure with an inter-lamellar pore size of approximately 6-8 nm. Montmorillonite is a silicate that becomes swelled in water, but does not swell in either benzene or nitrogen; the inter-lamellar pore width of this mineral is approximately 4 nm. Therefore, for both these minerals, the characteristic width of secondary pores is beyond the threshold of approximately 5σ, which is generally assumed to be sufficient for macroscopic thermodynamics to be valid. It was shown by numerical calculations (Sarman et al. 1987 ) that for slit-like pores, the Kelvin equation provides a good agreement with experimental data for pore widths of the order (3-5)σ. Usually the main problem with the correct application of the Kelvin equation for pores less than 5σ in width is the size effect for the surface tension. However, it was shown in previously that if this size effect is taken into account not only for the surface tension, but also for the molar volume of the condensate, the numerator in the Kelvin equation remains approximately the same (Staszczuk et al. 2003) . Therefore, the condition mentioned at the end of the previous section is satisfied.
For slit-like pores open to all sides with plane-parallel walls, the FHH equation is the equation of state for stable condensate films both along the adsorption and desorption branches of the hysteresis loop. For the adsorption systems considered here, the domains of the applicability of the FHH equation and the occurrence of capillary evaporation are as follows:
• Water on palygorskite. The leftmost point of the hysteresis branch is located at zero. A stable condensate film is formed within the relative adsorptive pressure range ϕ = 0.35-0.8, which corresponds to the film thickness from 2.5σ to 6.0σ. In this range, the FHH equation is valid, and the Kelvin equation is applicable within the range ϕ = 0.5-0.8. • Nitrogen on montmorillonite. The hysteresis loop exists within the range ϕ = 0.4-0.95, which corresponds to a condensate film thickness from 1.1σ to 4.2σ. The FHH equation could be applied within the range ϕ = 0.7-0.95, and the Kelvin equation is valid for a few points in the range ϕ = 0.85-0.95. • Benzene on montmorillonite. The leftmost point of the hysteresis loop ϕ = 0.38 corresponds to a film thickness of 1.51σ. The FHH equation is valid within the range ϕ = 0.65 (film thickness 2σ) to 0.95, and the Kelvin equation is applicable in the range ϕ = 0.75 -0.95. All three experimental isotherms taken from literature (Barrer et al. 1956; Tarasevich and Ovcharenko 1980) were fitted by the FHH equation (4); the values of thus obtained parameters and the thermophysical characteristics of the adsorbates used to calculate the Bond number are listed in Table 1 . Then the η values were estimated using equations (14) and (16) within the range of the adsorptive relative pressure for the three hysteresis loops studied. Figure 4 illustrates the dependence of the connectivity coefficient on the dimensionless variable X for the three systems analyzed. This dependence can be approximated by the following relation:
(18) η = + 1 5.13 0.76 X Scaling Approach for Estimating Pore Connectivity Coefficient for Open Slit-like Capillaries with a maximum relative error that does not exceed 11%, which is quite acceptable in calculations based on a scaling approach. Therefore, equation (14) with relations (15) and (18) can be used to provide a generalized description of the hysteresis loop. 
CONCLUSION
A theory that involves a scaling approach is proposed for the description of the capillary evaporation process of adsorbates from open slit-like pores in lamellar adsorbents. It is shown that the governing equation of the scaling theory, based on the FHH formalism, yields a generalized description of the desorption branch of the hysteresis loop. The derived equation is applied for some experimental systems (adsorption of water, benzene and nitrogen on layer silicates) and, while based on the traditional approach, is shown to provide reliable values of the poreconnectivity coefficient for these systems, which are still of actual importance.
